Introduction
============

In 1993, [@bib5] showed that the genome of the pufferfish *Takifugu rubripes* (fugu) is only one-eighth the size of the human genome, yet it contains a gene repertoire similar to that in the human genome and proposed it as a model vertebrate genome for discovering genes and gene regulatory elements in the human genome. The 400-Mb fugu genome was sequenced to ∼6× depth purely by the whole-genome shotgun strategy without the aid of any physical or genetic map, yielding an assembly comprising 12,381 scaffolds longer than 2 kb and covering 332 Mb of the genome ([@bib1]). Although fugu was initially not intended to be a genetic model, a genetic map with 200 microsatellite markers that anchored 10% of the assembly to the 22 fugu chromosomes was generated ([@bib24]). The current fugu assembly (FUGU version 4), which is based on 8.7× coverage sequences, spans 393 Mb and consists of 7,213 scaffolds including 511 scaffolds that represent 83% of the assembly. Over the years, fugu genome has served as a valuable reference genome not only for discovering genes and gene regulatory elements in the human genome ([@bib1]; [@bib75]; [@bib54]) but also for gaining novel insights into the organization and evolution of vertebrate genomes (e.g., [@bib71]; [@bib77]; [@bib15]; [@bib74]; [@bib63]). However, because of the granular nature of the genome assembly and the low resolution of the genetic map, the utilization of fugu genome has been limited for global comparisons that address questions related to chromosome architecture and genome evolution.

With about 27,000 living species, teleost fishes represent nearly 50% of extant vertebrates ([@bib49]). Teleost fishes are also the most divergent and successful group of vertebrates. A whole-genome duplication that occurred at the base of the teleost lineage has been proposed to be responsible for the rapid speciation and diversity of teleost fishes ([@bib20]; [@bib43]; [@bib72]). Several teleost fishes such as zebrafish (*Danio rerio*), medaka (*Oryzias latipes*), and stickleback (*Gasterosteus aculeatus*) have proved to be valuable genetic models for gaining insights into the genetic basis of development and phenotypic diversity of vertebrates. In addition to fugu, genomes of four other teleosts have been sequenced. These include the green spotted pufferfish (*Tetraodon nigroviridis*), medaka, zebrafish, and stickleback. Fugu and *Tetraodon* belong to the same order, Tetraodontiformes. They shared a common ancestor ∼44 million years ago (Ma) ([@bib3]) and thus represent two very closely related lineages of fishes. The compact 340-Mb genome of *Tetraodon* was also sequenced using the whole-genome shotgun strategy, and 64% of the assembly was anchored to 21 *Tetraodon* chromosomes with the help of a bacterial artificial chromosome-based physical map and fluorescence in situ hybridization (FISH) ([@bib23]). The pufferfishes, medaka, and stickleback are grouped under the superorder Acanthopterygii that includes ∼55% of living teleosts ([@bib49]). The medaka shared a common ancestor with pufferfishes about 124 Ma ([@bib3]). Its genome was sequenced more recently and by utilizing a high-density genetic map, 90% of the medaka genome assembly has been mapped to the 24 chromosomes of medaka ([@bib25]). The genome sequences of zebrafish and stickleback have been completed to draft levels and made available in the public domain. However, genome-wide comparative analyses of these genomes are yet to be published.

Comparisons of genomes at different phylogenetic distances help to infer ancient and recent rearrangement events in genome evolution and provide a more complete understanding of the mechanisms of genome evolution. Teleost fishes, which have experienced a "fish-specific" whole-genome duplication event before their radiation ([@bib23]; [@bib21]) in addition to the two rounds of genome duplication at the base of vertebrates, are particularly attractive and useful for investigating vertebrate genome evolution. Previous studies have analyzed karyotype evolution of vertebrates by comparing genomes of *Tetraodon* and human ([@bib23]) or genomes of medaka, zebrafish, *Tetraodon*, and human ([@bib25]; [@bib47]). These studies have helped not only to infer interchromosomal rearrangements that occurred in teleosts after the fish-specific whole-genome duplication but also to reconstruct karyotypes of the ancestral teleost and the ancestral bony vertebrate. However, the extent of intrachromosomal rearrangements in teleost fishes following the fish-specific genome duplication has not been well characterized. For example, although [@bib25] predicted occurrences of intrachromosomal rearrangements between medaka and *Tetraodon* genomes, the extent and the frequency of intrachromosomal rearrangements were not assessed. A detailed analysis of intrachromosomal rearrangement rates among fugu, *Tetraodon*, zebrafish, and mammals was made by [@bib58], but due to the fragmented nature of fugu assembly, a realistic estimate of the loss of gene collinearity could not be obtained. Furthermore, although genome assemblies of fugu and *Tetraodon* have provided a unique opportunity to investigate recent chromosomal rearrangements in two closely related species of teleosts, such genome-wide comparative studies have been hindered by the lack of a chromosome-level assembly of the fugu genome.

Besides assisting in the investigation of genome evolution, genome map is a powerful tool to study the genetic basis of phenotypic evolution when combined with forward genetics or population genetics approaches ([@bib64]; [@bib53]). Pufferfishes belonging to the genus *Takifugu* are mainly marine fishes with a limited distribution in the seas of East Asia. Interestingly, similar to the cichlids of East African lakes, *Takifugu* species have undergone explosive speciation in the last 2--5 My ([@bib76]), resulting in about 25 species that exhibit an impressive diversity in morphology, life history, physiology, and behavior ([@bib70]; [@bib50]; [@bib26]). Because of the recent divergence of *Takifugu* species, interspecies crosses produced by artificial and natural fertilization are viable ([@bib11]; [@bib41]; [@bib27]). Thus, *Takifugu* species are an attractive model system for the evolutionary studies of speciation and diversity in marine environment. A comprehensive genome map of a *Takifugu* species would greatly facilitate these types of evolutionary studies.

In this study, we have generated a comprehensive genetic map of fugu based on 1,220 microsatellite markers and integrated it with the current genome assembly to extend the contiguity of the assembly to the scale of chromosomes. In the integrated genome map, 72% of the genome has been ordered and oriented on the 22 fugu chromosomes while an additional 10% sequence has been anchored on the chromosomes. We have compared the consolidated fugu genome map with the chromosomes of *Tetraodon* to investigate the extent to which synteny and gene order have been rearranged because the two species diverged from their common ancestor. We have also compared the fugu chromosomes with those in medaka. Comparison of genomic structures among these teleost fishes shows an extensive conservation of synteny and gene order. Comparison of chromosomal rearrangement rates between these teleost fishes and mammals revealed a distinct pattern of inter- and intrachromosomal rearrangement rate between these two groups of vertebrates. The comprehensive genetic map and the extended genome assembly of fugu are useful resources for investigating comparative genomics of vertebrates and for the genetic studies of speciation and phenotypic evolution of the genus *Takifugu*.

Materials and Methods
=====================

Mapping Population
------------------

We used three genotyping panels. The main panel consisted of 62 individuals from a full-sib family of fugu. The other two panels consisted of 190 and 314 full-sib individuals, respectively, and were used only for analyzing genome regions with low recombination frequency. This project was conducted in accordance with the Regulation for Animal Experiments of the University of Tokyo. An ethics statement is not required for this project.

Genotyping and Linkage Analysis
-------------------------------

Primer design, genotyping, and linkage analysis were performed as previously described with slight modifications ([@bib33]; [@bib24]). Of the 516 scaffolds in the fugu assembly v4 that are longer than 100 kb, we designed primers for at least two microsatellite loci for 513 scaffolds. We were not able to find more than one locus for the remaining three scaffolds. We then designed primers for at least one locus on each of the 147 scaffolds that are between 50 and 100 kb. To label the polymerase chain reaction (PCR) amplicon of the marker loci, we added an additional M13 sequence (5\'-CACGACGTTGTAAAACGAC-3\') to the 5\' end of forward primer ([@bib57]). Polymorphism was analyzed by using the 4300 DNA Analysis System (LI-COR) or ABI3730xl DNA Analyzer (Applied Biosystems). The sequences of the primers (1,262 pairs) are shown in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material online](#sup1){ref-type="supplementary-material"}, and on our Web site at <http://www.se.a.u-tokyo.ac.jp/Fugu-Map/map.html>.

Comparison of Gene Maps of Fugu and Other Fishes
------------------------------------------------

To identify orthologs between fugu and *Tetraodon*, and fugu and medaka, the whole catalog of predicted proteins from these species (Ensembl release 48) were compared using Ensembl MartView. The one-to-one matches were considered as orthologs. Because the whole-genome sequence of zebrafish has not yet been published, we used a data set of unambiguously mapped genes reported by [@bib73]. To obtain orthologs between fugu and zebrafish, we compared the fugu--*Tetraodon* data set with that of zebrafish--*Tetraodon* and integrated the two data sets. Details of data sets from these analyses are shown in [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

Reconstruction of Ancestral Karyotypes
--------------------------------------

To reconstruct the ancestral karyotype of pufferfishes, we used a data set of triplet orthologs of fugu, *Tetraodon*, and medaka ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The ancestral chromosomes were reconstructed by applying the two of three rule ([@bib47]). This approach is summarized as follows. First, we grouped orthologs that retain syntenic relationships in fugu, *Tetraodon*, and medaka into one conserved linkage block (CL block of fugu*--Tetraodon*--medaka). We tentatively treated a singleton in each two-way comparison as one CL block. If the singleton is not syntenic to any other CL blocks in any two-way comparisons, we presumed that the ortholog independently experienced interchromosomal rearrangement in the respective lineage. In this case, we were not able to deduce its ancestral state and, thus, excluded it from the data set. Second, if the two CL blocks retain a syntenic relationship in at least two of the three genomes, we inferred that the relationship was conserved on a chromosome in the last common ancestor of fugu and *Tetraodon*. Third, if the two CL blocks are not syntenic in at least two of the three species, these blocks were considered located on different chromosome in the pufferfish ancestor. We also reconstructed the ancestral karyotype of the last common ancestor of pufferfishes and medaka by a four-way analysis using the genomes of fugu*, Tetraodon*, medaka, and zebrafish. Because a relatively small number of zebrafish genes (∼3,500) is currently available for genome-wide comparative studies of chromosome architecture ([@bib73]), the number of orthologs used in the four-way analysis was limited. Details of CL blocks are shown in [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

Comparison of Gene Order Between Species
----------------------------------------

To examine the conservation of gene order between fugu and *Tetraodon*, and fugu and medaka, we obtained data sets of orthologs with putative transcriptional start position by using Ensembl MartView (Ensembl release 50, [supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We categorized genes that have not been mapped on chromosomes in any of the species into unmapped genes (Un) and excluded them from the data set because these genes disrupt the conservation of gene order irrespective of chromosomal rearrangements. For the same reason, we excluded genes that show one-to-many relationships between species. We also excluded gene pairs that were likely to be assigned as orthologs due to reciprocal gene loss after the fish-specific genome duplication ([@bib58]). We identified such genes as follows. Duplicated genes that arose from the whole-genome duplication at the base of the teleost lineage have been extensively analyzed in *Tetraodon* and medaka ([@bib23]; [@bib25]). By referring to their results, we first identified orthologous chromosomes of fugu based on the distribution of fugu genes orthologous to *Tetraodon* or medaka genes. The Oxford grid indicated that a vast majority of orthologous genes were located on orthologous chromosomes between two species. However, a few genes from a chromosome in one species were found to be located on the paralog of its orthologous chromosome in the other species. This pattern suggests reciprocal loss of duplicated genes in the two species. We then searched for traces of genome duplication in the genome sequence containing these genes ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We manually examined existence of paralogous genes for ten consecutive coding loci on both sides of these genes in each species. If paralogous genes were found between these regions and the region on the corresponding paralogous chromosomes, we assumed that these genomic regions were duplicated during the fish-specific genome duplication, and, therefore, the initial orthology assignment of the gene was missed due to the reciprocal gene loss. We then plotted these data sets on the Oxford grid including positional information of the genes to identify the number and orientation of conserved segments. A conserved segment is defined as a set of orthologs that are consecutive in fugu and *Tetraodon.* In the conserved segments, the relative position of the orthologs are the same in the two species. To define the orientation of the conserved segments, the order of at least four consecutive orthologs are used. By using the same method, we obtained data sets of orthologs among fugu, *Tetraodon*, medaka, human, mouse, and opossum and determined their positions in the genome and used these data for comparison between these teleosts and mammals (Ensembl release 50, [supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

GRIMM is a program for analyzing gene order rearrangements in pairs of genomes ([@bib67]; <http://grimm.ucsd.edu/GRIMM/>). We estimated the minimum possible number of inversions between fugu and *Tetraodon*, and fugu and medaka using GRIMM. We used the settings "a conserved segment" and its orientation instead of "a gene" and its orientation. The gene order is considered conserved if the orientation of conserved segments is the same in two species.

Proximity Conservation
----------------------

Proximity of two genes is a good measure of conservation of synteny. We therefore used the disruption of proximity between two genes as an approximation of rearrangement rate ([@bib42]; [@bib58]). We measured the disruption of proximity between 2 consecutive genes in our data set of 3,639 common orthologs of six genomes ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We calculated the proportion of pairs of genes that are neighboring at a species (start point) and that are still neighboring at another species (end point). If the genes are neighboring in the start-point species and are located on different chromosomes in the end-point species, we defined this case as a proximity loss caused by interchromosomal rearrangement (PL-inter). If neighboring genes in a species (start-point) are located on the same chromosome but are separated by other genes in the end-point species, we defined this as a proximity loss caused by intrachromosomal rearrangement (PL-intra).

Fluorescence In Situ Hybridization
----------------------------------

A centromeric sequence of fugu was cloned in pCR4-TOPO vector (Invitrogen). By sequencing this clone, we obtained repeat sequences containing the following 118-mer: ACGAGAAAACGTCAAAAACGTCATAATGTGAGCGCAGCATGAGTTTTCAGGTGATCATGTTGAATTTACCTCTGTTTTGAGAAACTTGTATATCCTGACCAAAAGTGATGGTTTCCCC. Telomeric repeats (TTAGGG)*n* were amplified with PCR using (TTAGGG)~5~ and (TAACCC)~5~ primers and were cloned in pCR4-TOPO vector. Chromosome preparation was obtained from peripheral blood leucocytes ([@bib14]). FISH was performed as described previously ([@bib13]).

Results
=======

A Comprehensive Genetic Map of Fugu
-----------------------------------

We designed 1,508 pairs of primers for microsatellite loci on 848 scaffolds (641 of them are \>50 kb) in the fugu genome assembly version 4. Among them 1,021 markers were informative for segregation analysis in the first mapping populations, whereas 692 markers were heterozygous in both parents. The remaining markers were informative for recombination in only one of the parents. To construct genetic maps, we combined the segregation data obtained by assaying the new 1,021 markers on a genotyping panel consisting of the 62 full-sib progeny together with the data of 212 markers that were mapped previously ([@bib24]).

The male map consisted of 22 linkage groups with 1,057 microsatellite markers ([fig. 1](#fig1){ref-type="fig"} and [table 1](#tbl1){ref-type="table"}, [supplementary fig. S2](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The total length of the linkage groups is 1,202.8 cM, and the average distance between two markers is 1.1 cM. The sizes of individual linkage groups range from 40.4 to 99.7 cM (mean 54.7 cM). The number of markers per linkage group varied from 30 to 72, with an average of 48 markers per linkage group. The female map included 1,000 markers in 22 linkage groups. This map spans 2,189.8 cM, and the average spacing between two markers is 2.2 cM. The sizes of the female linkage groups range from 66.8 to 179.9 cM (mean 99.5 cM). The number of markers per linkage group varied from 31 to 74, with an average of 45 markers per group. By using markers that are heterozygous in both parents, we identified homologous pairs of linkage groups of male and female parents and arranged these maps into 22 linkage groups consisting of 1,220 markers. Among the informative markers used in this analysis, 99% showed detectable linkage to at least one other marker.

###### 

Number of Markers, Genetic Length and Scaffold Size for Each Chromosome

  Chromosome   Total no. of Markers[a](#tblfn1){ref-type="table-fn"}   Male Map[b](#tblfn2){ref-type="table-fn"}   Female Map[b](#tblfn2){ref-type="table-fn"}   Anchored Scaffold size (bp)                           
  ------------ ------------------------------------------------------- ------------------------------------------- --------------------------------------------- ----------------------------- --------- ------------- -------------
  1            87                                                      72                                          99.7                                          74                            179.9     26,330,658    26,302,275
  2            54                                                      46                                          53.2                                          46                            97.7      14,211,633    14,135,489
  3            50                                                      42                                          61.9                                          41                            98.7      16,031,146    16,026,996
  4            58                                                      49                                          42.0                                          47                            98.1      15,549,612    15,557,878
  5            56                                                      46                                          48.7                                          48                            92.3      13,175,788    13,170,292
  6            47                                                      40                                          57.6                                          42                            79.4      11,780,457    11,739,006
  7            61                                                      58                                          56.7                                          54                            103.1     16,283,200    16,234,404
  8            59                                                      47                                          63.0                                          47                            135.0     18,618,810    18,618,810
  9            44                                                      41                                          51.9                                          38                            96.2      14,960,318    14,914,903
  10           68                                                      58                                          40.4                                          55                            86.6      12,054,619    12,022,846
  11           72                                                      64                                          53.5                                          43                            75.0      15,376,318    15,376,318
  12           44                                                      38                                          54.9                                          38                            76.3      12,589,505    12,473,556
  13           52                                                      45                                          43.8                                          42                            120.1     19,305,636    19,506,067
  14           56                                                      51                                          48.5                                          45                            99.0      15,247,820    15,288,442
  15           54                                                      40                                          46.1                                          48                            97.8      14,088,904    15,159,000
  16           49                                                      45                                          48.5                                          36                            66.8      12,457,908    12,333,995
  17           56                                                      50                                          60.6                                          49                            86.3      15,096,502    15,096,502
  18           35                                                      30                                          65.9                                          31                            76.1      10,003,158    9,935,622
  19           66                                                      58                                          53.7                                          49                            116.6     16,511,194    16,468,050
  20           47                                                      41                                          56.6                                          40                            95.9      15,759,749    15,759,749
  21           39                                                      34                                          45.5                                          32                            123.2     16,783,189    16,776,071
  22           66                                                      62                                          50.1                                          55                            89.7      14,843,466    14,818,145
  Total        1,220                                                   1,057                                       1,202.8                                       1,000                         2,189.8   337,059,590   337,714,416

The number of markers not involve additional markers that were used only for 190 or 314 full-sib progeny panel.

Details of scaffold information are shown in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

![Fugu chromosome 1. Vertical black bars represent the male (left) or female (right) genetic map. Distances in centimorgans (cM) are indicated below (Kosambi mapping function). White boxes sandwiched between the male and female maps represent scaffolds. Scaffolds containing centromeric repeat sequences are labeled in red (see [supplementary fig. S2](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Transverse lines link the location of each marker on the genetic maps with its corresponding anchored scaffolds. Red transverse lines indicate disagreement between the position of marker on the genetic map and that of physical map. Such differences could be due to a misassembly in the reference sequence or an actual polymorphism between the mapping population and the sequenced individual. Gap between scaffolds is arbitrary because the actual distance between scaffolds is unknown. Scale bars represent 10 cM and 1 Mb. Details of all chromosomes and anchored scaffolds are shown in [supplementary figure S2](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.](gbeevr041f01_3c){#fig1}

Integration of Genetic and Sequence Maps
----------------------------------------

The markers developed to specific regions of the scaffolds allowed us to integrate the genetic and sequence maps into a consolidated genome map. The 1,220 loci on the genetic map were useful for anchoring 749 scaffolds. We ordered these scaffolds to be consistent with the order of markers determined by the genetic map. This allowed us to place scaffolds that cumulatively represent 86% (337.1 Mb) of the sequenced genome onto the linkage groups. Among them, 195 scaffolds covering 224.9 Mb were oriented by assigning multiple genetically separated markers located on each scaffold. However, markers located in regions with low recombination frequency remained unresolved because of the limited number of siblings in the genotyping panel. To obtain a higher resolution map, we made new genotyping panels consisting of 190 and 314 siblings and analyzed 330 loci from each of the panels. This analysis revealed the orientation of another 74 scaffolds covering 56.5 Mb. Additionally, we were able to merge 749 scaffolds anchored to the genetic map with another 697 scaffolds by manual alignment of scaffold ends or by filling gaps between scaffolds using PCR ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In the final genome map, 278 superscaffolds are ordered and oriented on 22 chromosomes, and the total length of these scaffolds represents 72% (281.6 Mb) of the sequenced genome. An additional 237 scaffolds covering 10% of the genome were assigned to chromosomes (their orientation is not known). In addition, 182 scaffolds covering 4% of genome were anchored to the chromosomes, but their orientation and relative order within the anchor point could not be resolved ([supplementary figs S2](#sup1){ref-type="supplementary-material"}, [Supplementary Data](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Thus, a total of 86% of the assembly was assigned to linkage groups.

Recombination Rate
------------------

With the integrated genome map, we examined the relationship between genetic distance and physical distance in the fugu genome. Given the fugu genome size of 392 Mb and male genetic map length of 1,202.8 cM, we calculated the average genetic distance per Mb of *Takifugu* genome to be 3.1 cM. In the female map, the distance is 5.6 cM/Mb. Comparison of recombination rates among 13 chordates characterized to date (fugu, stickleback, medaka, zebrafish, horse, dog, mouse, macaque, human, opossum, chicken, zebra finch, and *Ciona savignyi*) revealed that the rate of recombination in fugu is the highest in the group ([fig. 2](#fig2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Even the male-specific recombination rate in fugu is higher than the recombination rates in other groups ([supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![Scatter plots of genome sizes and GC contents versus recombination rates of chordates. (*A*) Genome sizes versus recombination rates. The golden path length for each species in Ensembl was regarded as their genome size (<http://www.fugu-sg.org/> and <http://www.ensembl.org/>). (*B*) GC contents versus recombination rates. Details of genome sizes, genetic map sizes, and GC contents are listed in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. The correlation between genome size and recombination rate was tested using Pearson's product moment correlation coefficient as implemented in the "cor.test" function in R (<http://www.r-project.org/>).](gbeevr041f02_lw){#fig2}

On the integrated genome map, the recombination rate varied considerably between sexes and across the chromosomes ([fig. 3](#fig3){ref-type="fig"} and [supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). On the male map, recombination rates are elevated toward one or both ends of chromosomes while they are remarkably lower in the center of chromosomes. Indeed, no recombination event was observed over several megabases in the centers of most chromosomes of males during meiosis. In contrast, the recombination rates are more uniform on the female map.

![Genetic distance and physical distance in chromosome 1 for fugu. The positions in cM for female (red) and male (blue) are plotted against the physical position on Tru1. The number of predicted genes within bins of 10 kb is shown as green bars. A shadow box indicates the centromeric region where centromeric repeats were mapped ([supplementary table S11](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).](gbeevr041f03_3c){#fig3}

Conservation of Synteny among Fugu, *Tetraodon*, and Medaka
-----------------------------------------------------------

The construction of the integrated map of fugu made it possible to compare conservation of synteny (orthologous genes present on a single chromosome in two genomes irrespective of their order and orientation) between fugu and other teleosts. We first analyzed the extent of interchromosomal rearrangement events shaping the genomes of the two pufferfishes, fugu and *Tetraodon*. To compare the conservation of synteny between fugu and *Tetraodon* genomes, we first identified 10,482 pairs of orthologous genes that have been mapped on chromosomes in both species ([supplementary table S2A](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These orthologs were arrayed according to fugu chromosomes (Tru) and *Tetraodon* chromosomes (Tni) in an Oxford grid ([supplementary fig. S6A](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To create synteny maps of fugu and *Tetraodon*, we excluded 41 singletons from the set of orthologs ([supplementary fig. S7A](#sup1){ref-type="supplementary-material"}, [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The maps contain 38 synteny blocks each composed of at least two genes (average 275; maximum 952) that have orthologs on the same chromosome in *Tetraodon*. The synteny blocks include \>99% of the fugu--*Tetraodon* orthologs on the Oxford grid. The Oxford grid and the synteny maps suggest that 18 pairs of chromosomes in fugu and *Tetraodon* roughly exhibit one-to-one correspondence, with traces of translocation containing more than 10 orthologs in two *Tetraodon* chromosomes (Tni10 and Tni15). Furthermore, three of the chromosomes in *Tetraodon* (Tni1, Tni3, and Tni20) each share orthologs mainly with two fugu chromosomes, Tru14 and Tru20; Tru5 and Tru8; and Tru8 and Tru14; respectively. These chromosomes with one-to-two correspondence appear to have undergone fusion in *Tetraodon* or fission in fugu lineage after they diverged from their last common ancestor.

We next analyzed synteny conservation in fugu and medaka genomes by using 12,026 pairs of orthologous genes ([supplementary table S2B](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The synteny maps of fugu and medaka contain 46 blocks that include 99% of fugu--medaka orthologs on the Oxford grid ([supplementary fig. S7*C* and *D*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The maximum and average number of genes per synteny block are 627 and 259, respectively. The Oxford grid and synteny maps indicate that 20 pairs of chromosomes in fugu and medaka exhibit one-to-one relationship, whereas two pairs of chromosomes show one-to-two correspondence (fugu to medaka) ([supplementary fig. S6*B*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Tru1 and Tru8 share orthologs mainly with two medaka chromosomes each, Ola19 and Ola21 and Ola2 and Ola18; respectively. Note that we identified more orthologs between fugu and medaka than between fugu and *Tetraodon* even though fugu is more closely related to *Tetraodon*. This is because we chose only genes that are mapped to chromosomes, and a higher proportion of medaka assembly (90%) and genes have been mapped to chromosomes compared with *Tetraodon* assembly (64%) and genes. We found more chromosome pairs with one-to-one relationship between fugu and medaka (20 pairs) than between fugu and *Tetraodon* (18 pairs). This indicates that additional interchromosomal rearrangement events took place in the *Tetraodon* lineage after it diverged from fugu. Overall, these analyses reveal an extremely conserved aspect of genomes among fugu, *Tetraodon*, and medaka that are grouped under the superorder Acanthopterygii, with only a few interchromosomal rearrangements having occurred after the divergence of the common ancestors of medaka and pufferfishes.

Reconstruction of Pufferfishes and Medaka Ancestral Karyotype
-------------------------------------------------------------

To infer the history of the interchromosomal rearrangements in the three teleost fish lineages, we reconstructed the karyotype of the common ancestors of fugu--*Tetraodon* and fugu--medaka. We first identified 758 quadruplet orthologs of fugu*--Tetraodon*--medaka--zebrafish ([supplementary table S3*A*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We then obtained 33 CL blocks of fugu*--Tetraodon*--medaka using these orthologs and reconstructed the karyotype of the ancestor of two pufferfishes (FT ancestor) by applying a two-of-three rule (see details in Methods). By using the same strategy, the ancestral karyotype of pufferfishes--medaka (FTM ancestor) was inferred with 168 CL blocks of FT ancestor--medaka--zebrafish. These analyses suggested that the FTM ancestor contained 23 chromosomes (denoted from A--X; [fig. 4](#fig4){ref-type="fig"}). Although the ancestral karyotype has been remarkably conserved in medaka, the common ancestor of pufferfishes experienced one fusion and one translocation. We deduced that Tru1 underwent the fusion event before the divergence of the two pufferfishes because CL blocks derived from AncA and AncB are syntenic on Tru1 and Tni2, but these CL blocks were mapped onto different chromosomes in both medaka and zebrafish genomes. To analyze the rearrangement events shaping the genomes of two pufferfishes on a finer scale, we used a data set containing 7,755 triplet orthologs of fugu*--Tetraodon*--medaka ([supplementary table S3*B*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This analysis revealed that, although fugu lineage has undergone only one fusion following the split between the fugu and *Tetraodon* lineages, *Tetraodon* lineage has experienced two fusions and three translocations ([fig. 4](#fig4){ref-type="fig"}).

![Reconstruction of the ancestral karyotypes of fugu--*Tetraodon* and pufferfishes--medaka. The proto-chromosomes of the pufferfishes--medaka (FTM ancestor) are labeled from A to X. Genome segments in each species are color coded according to the chromosome of the FTM ancestor. The length of chromosomes of extant species indicates the number of orthologs. Scale bar represents 20 orthologs. Gene order within chromosomes of each species has been reallocated to highlight orthologous relationships with gene on the FTM ancestral chromosomes. Major chromosomal fusions are indicated as solid arrows. Major translocations of the genome segments containing at least four orthologs are displayed as dotted arrows. FT ancestor means the common ancestor of fugu and *Tetraodon*. Details of orthologs are shown in [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} onine. ^a^Data of divergence times in phylogram are from [@bib3].](gbeevr041f04_3c){#fig4}

In contrast to invertebrates that typically contain a single *Hox* gene cluster, vertebrates contain multiple *Hox* gene clusters that are usually located on different chromosomes. However, our previous study showed that in fugu *HoxBb* and *HoxDa* clusters are genetically linked on Tru1 ([@bib24]). Our reconstruction of the ancestral karyotype explicitly indicates that the fusion of ancestral chromosomes AncA and AncB that occurred in the FT ancestor after it diverged from the medaka lineage brought the two *Hox* clusters onto the same chromosome in fugu and *Tetraodon*.

Reciprocal Loss of Duplicated Genes in Fugu and *Tetraodon*
-----------------------------------------------------------

Loss of reciprocal copies of duplicated genes following whole-genome duplication can act as a genetic barrier between populations, thereby driving them toward speciation ([@bib39]). Reciprocal copies of duplicated genes retained are generally misidentified as exact orthologs by the reciprocal best match approach. Because inclusion of such genes in the ortholog set results in an overestimation of chromosomal rearrangements when comparing gene order between two species ([@bib58]), we searched for such assignments in our data set of 9,660 fugu*--Tetraodon* orthologs that have positional information on the chromosomes ([supplementary table S4*A*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). As seen in the synteny analysis, a vast majority of orthologs was located on their exact orthologous chromosomes (or chromosomal segments) between fugu and *Tetraodon* ([supplementary fig. S6*A*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, for six orthologous pairs, the orthologous genes in one of the species were found to be located on their paralogous chromosomes. This pattern of distribution of orthologs on the Oxford grid can be either due to the actual translocation of genes on to the paralogous chromosome or the reciprocal loss of copies of duplicated genes in the two species. To resolve this, we examined the neighborhood of such genes to determine if they are flanked by paralogous set of genes (see Methods). This analysis suggested that at least three pairs of genes appeared to be incorrectly assigned as orthologs because of the reciprocal loss of duplicated genes in the two pufferfishes ([supplementary fig. S1*A*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Thus, these are clear instances of reciprocal loss of duplicated genes in the recent evolutionary history of pufferfishes. A whole-genome duplication is generally followed by a large scale loss of duplicate genes, and genes that are retained in duplicate over a long period are believed to be essential to the organism ([@bib51]; [@bib38]). The instances of recent loss of duplicate copies of genes in the pufferfish lineage indicate that genes can be retained in duplicate for hundreds of millions of years after the genome duplication and then independently lost in different lineages. The reciprocal pattern of loss of duplicate copies in the two pufferfishes raises the possibility that reciprocal loss might have played a role in the speciation of pufferfishes. During the course of this analysis, we found six pairs of genes assigned incorrectly as orthologs because of the potential reciprocal gene loss in the ortholog set of fugu and medaka ([supplementary fig. S1*B*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We excluded these pairs of genes from the analyses of gene order conservation described below.

Comparison of Gene Order Conservation among Fugu, *Tetraodon*, and Medaka
-------------------------------------------------------------------------

To gain insights into the extent of intrachromosomal rearrangements, we examined conservation of gene order among fugu, *Tetraodon*, and medaka. [Figure 5](#fig5){ref-type="fig"} shows the distribution of orthologs on syntenic chromosome pairs between fugu and *Tetraodon*. The majority of orthologs are arranged along the main diagonals ([fig. 5*A*](#fig5){ref-type="fig"}), indicating that the gene order between the two pufferfishes has been highly conserved. However, some inversions were apparent as seen in the comparison between Tru12 and Tni21 ([fig. 5*B*](#fig5){ref-type="fig"}). The plots of other orthologous chromosome pairs are shown in [supplementary figure S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. To deduce the most parsimonious scenario of intrachromosomal rearrangements that can explain the current organization of chromosomes of the two pufferfishes, we first identified 147 conserved segments in which a set of two or more orthologs are consecutive in two pufferfishes ([table 2](#tbl2){ref-type="table"}). The number of conserved segments in each syntenic chromosome pair ranged from 3 (Tru3/Tni9 and Tru22/Tni15) to 13 (Tru7/Tni8). In the chromosomes that have experienced relatively complex interchromosomal rearrangements (Tru5, 8, 14, 20/Tni1, 3, 20), 26 conserved segments were detected. We then applied the GRIMM algorithm to the conserved segments and found 93 inversions between the chromosomes of the two pufferfishes. The number of inversions in each syntenic chromosome pair ranged from 1 (Tru3/Tni9 and Tru22/Tni15) to 8 (Tru7/Tni8). The maximum number of orthologs on the inverted blocks ranged from 2 (Tru22/Tni15) to 557 (Tru9/Tni13). For the chromosome groups that have experienced a more complex rearrangement (Tru5, 8, 14, 20/Tni1, 3, 20), 15 inversions can transform the gene order on the chromosomes of fugu to those of *Tetraodon*. The maximum number of orthologs on these inverted blocks is 375.

###### 

Number of Segments with Conserved Gene Order, Number of Inversions, Number of Genes on Inverted Blocks Between Fugu and *Tetraodon*

  Chromosome     Number of Orthologs on Inverted Blocks                           
  -------------- ---------------------------------------- ------- ---- ---- ----- -----
  1              2                                        893     6    3    36    15
  2              10                                       456     8    7    390   178
  3              9                                        454     3    1    35    35
  4              17                                       434     5    3    393   143
  6              4                                        406     11   6    58    16
  7              8                                        392     13   8    373   142
  9              13                                       618     7    6    557   257
  10             6                                        244     6    3    57    21
  11             16                                       337     8    5    33    21
  12             21                                       202     6    4    34    19
  13             5                                        481     4    4    459   348
  15             7                                        489     7    6    439   110
  16             14                                       424     7    4    415   161
  17             18                                       431     5    5    284   112
  18             19                                       256     9    5    248   54
  19             11                                       551     5    3    438   159
  21             12                                       564     8    4    134   36
  22             15                                       287     3    1    2     2
  5, 8, 14, 20   1, 3, 20                                 1,632   26   15   375   52

![Retention of synteny and gene order between fugu and *Tetraodon* chromosomes. The gene order of orthologs on fugu chromosomes and *Tetraodon* chromosomes are plotted. Orthologs with unknown gene order in the two species were excluded from the plot. (*A*) Genome-wide comparison of fugu with *Tetraodon*. The orthologs on all fugu chromosomes and all *Tetraodon* chromosomes are plotted. The greater length of the axis reflects the greater number of mapped genes. (*B*) Comparison of Tru12 with Tni21. The figures for other syntenic chromosome pairs are shown in [supplementary figure S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. Orthologs whose orders are not known in one of the two species are plotted in the row and column labeled as UN.](gbeevr041f05_ht){#fig5}

By using the same method, we analyzed the conservation of gene order between fugu and medaka ([supplementary fig. S9](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We identified 656 conserved segments between chromosomes of these fishes using 10,755 orthologs ([supplementary table S4*B*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The GRIMM analysis detected 536 inversions between the chromosomes of fugu and medaka. The number of inversions in each orthologous chromosome ranged from 8 (Tru14/Ola10) to 39 (Tru12/Ola11 and Tru17/Ola1). The maximum number of genes on inverted blocks ranged from 83 (Tru5/Ola8) to 505 (Tru3/Ola7). In the chromosomes that have experienced fusion in the fugu lineage, (Tru1/Ola19, 21) and (Tru8/Ola2, 18), the numbers of inversions are 32 and 37, respectively. The maximum numbers of genes on the inverted blocks are 412 (Tru1/Ola19, 21) and 119 (Tru8/Ola2, 18), respectively.

The pattern of the size-dependant frequency of inverted blocks is similar between fugu and *Tetraodon*, and fugu and medaka ([supplementary fig. S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Inversions have occurred more frequently in smaller blocks containing \<10 orthologs as well as in larger blocks containing \>100 orthologs in both fugu--*Tetraodon* and fugu--medaka lineages. However, the number of inversions is highly variable across the orthologous chromosomes of fugu and *Tetraodon* (CV = 42.1%) but nearly uniform across orthologous chromosomes of fugu and medaka (CV = 35.6%) ([table 2](#tbl2){ref-type="table"} and [supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This observation suggests that the accumulation of inversions is still at an early stage in fugu and *Tetraodon*.

Comparison of Gene Order Conservation Between Teleosts and Mammals
------------------------------------------------------------------

To compare the conservation of gene order between teleosts and mammals, we analyzed the conservation of gene order in the three teleost fishes and compared them with that in human, mouse, and opossum. The divergence time of human--mouse (81 My) is nearly twice that of fugu*--Tetraodon* (44 My), whereas the divergence times of eutherian--opossum (132 My) and Tetraodontiformes--medaka (124 My) are comparable ([@bib3]).

Because the comparison of gene order between two sets of genomes is sensitive to the number and density of orthologs used for the analysis, we identified a set of 3,639 orthologs common to all the six genomes ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We first identified conserved segments in which a set of orthologs are consecutive in pairs of species and counted the number of orthologs on each segment. The analyses of the three teleost lineages showed that conserved segments are more stringently retained between fugu and *Tetraodon* than between fugu and medaka ([fig. 6*A*](#fig6){ref-type="fig"}). For example, the number of longer segments containing \>80 orthologs in fugu--*Tetraodon* and fugu--medaka are 17 and 4, respectively, whereas the number of smaller segments containing \<40 orthologs in fugu--*Tetraodon* and fugu--medaka are 88 and 325, respectively ([supplementary table S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). A similar trend was also seen in human--mouse and human--opossum comparisons. These results are in good agreement with the prediction that evolutionary distance is a major determinant for the gene order conservation. However, comparison of segments of conserved gene order between the three teleosts and the three mammals showed that teleost fishes contain more such segments than mammals. Although fugu and *Tetraodon* contain 17 fragments each with \>80 orthologs, human and mouse contain only three such fragments ([fig. 6*A*](#fig6){ref-type="fig"} and [supplementary table S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Even when the divergence times of fugu--*Tetraodon* and human--mouse are normalized, the pufferfishes contain more fragments (11 segments) than the two mammals. A similar trend was also observed between fugu--medaka (4 segments) and human--opossum (1 segment). These results suggest that the gene order is more highly conserved in teleosts than in mammals.

![Retention of gene collinearity and loss of gene proximity in teleosts and mammals. (*A*) Number of collinear segments between the species pairs. Lines indicate the number of collinear segments observed in each segment size: solid blue lines represent fugu and *Tetraodon*; solid cyan line fugu and medaka; solid green line *Tetraodon* and medaka; dashed red line human and mouse; dashed orange line human and opossum; dashed yellow line mouse and opossum. (*B*) Rate of proximity loss between pairs of species after normalization with divergence times estimated by the fossil record. The rates of proximity loss caused by interchromosomal and intrachromosomal rearrangements are shown as white and black bars, respectively.](gbeevr041f06_3c){#fig6}

Conservation of Gene Proximity in Teleosts and Mammals
------------------------------------------------------

The higher level of gene order conservation in fugu, *Tetraodon*, and medaka compared with human, mouse, and opossum could be due to a lower degree of either inter- or intrachromosomal rearrangement rate or both. To evaluate the relative contributions of inter- and intrachromosomal rearrangements, we analyzed the loss of gene proximity caused by inter- and intrachromosomal rearrangements. The disruption of gene order results in the loss of proximity between pairs of genes, and therefore loss of gene proximity can be used as an approximation of the rate of chromosomal rearrangements ([@bib42]; [@bib58]). We first measured the conservation of gene proximity in the three fish and three mammalian lineages using the 3,639 common orthologs of the six genomes. We then calibrated these measures with the divergence times of species estimated by the fossil record.

For example, when the data set of 3,617 pairs of proximate genes in fugu was considered as a start-point, the 3,511 pairs of their orthologs remained proximate in *Tetraodon* (end-point) ([table 3](#tbl3){ref-type="table"}, [supplementary table S10*A*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Therefore, the ratios of proximity conservation (PC ratio) and proximity loss (PL-total ratio) are 0.971 and 0.029, respectively. We then divided the PL-total ratio into two categories: PL-interchromosomal ratio (0.003) and PL-intrachromosomal ratio (0.026). After normalization with the divergence times, the estimated rates of PL-total, PL-inter and PL-intra between fugu and *Tetraodon* genomes were 6.66, 0.69, and 5.97, respectively. The measures were slightly different when the *Tetraodon* data set was considered as a start-point ([table 3](#tbl3){ref-type="table"}, [supplementary table S10*B*](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This difference could be explained by the different numbers of chromosomes in fugu (*n* = 22) and *Tetraodon* (*n* = 21) ([@bib58]) (see details in [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Note that the rearrangements that occurred between two neighboring genes are not counted.

###### 

Rearrangement Ratio and Rate Between Pairs of Species

  Start Point                                                              Fugu    *Tetraodon*   Fugu    Medaka   *Tetraodon*   Medaka   Average of Teleosts   Human   Mouse   Human   Opossum   Mouse   Opossum   Average of Mammals
  ------------------------------------------------------------------------ ------- ------------- ------- -------- ------------- -------- --------------------- ------- ------- ------- --------- ------- --------- --------------------
  Number of proximate gene pairs in start point                            3,617   3,618         3,617   3,615    3,618         3,615    N/A                   3,616   3,619   3,616   3,630     3,619   3,630     N/A
  Number of approximate gene pairs in end point                            3,511   3,508         3,209   3,207    3,205         3,219    N/A                   3,337   3,345   3,140   3,127     3,079   3,057     N/A
  PC ratio[a](#tblfn3){ref-type="table-fn"}                                0.971   0.970         0.887   0.887    0.886         0.890    0.915                 0.923   0.924   0.868   0.861     0.851   0.842     0.878
  PL-total ratio[b](#tblfn4){ref-type="table-fn"}                          0.029   0.030         0.113   0.113    0.114         0.110    0.085                 0.077   0.076   0.132   0.139     0.149   0.158     0.122
  PL-inter ratio[c](#tblfn5){ref-type="table-fn"}                          0.003   0.005         0.012   0.011    0.018         0.014    0.011                 0.040   0.035   0.027   0.052     0.050   0.099     0.051
  PL-intra ratio[d](#tblfn6){ref-type="table-fn"}                          0.026   0.026         0.100   0.102    0.096         0.096    0.074                 0.037   0.041   0.105   0.087     0.099   0.059     0.071
  Divergence time by fossil record (My)[e](#tblfn7){ref-type="table-fn"}   44      44            124     124      124           124      N/A                   81      81      132     132       132     132       N/A
  PL-total rate[f](#tblfn8){ref-type="table-fn"}                           6.66    6.91          9.10    9.10     9.21          8.83     8.30                  9.53    9.35    9.97    10.50     11.30   11.96     10.44
  PL-inter rate[g](#tblfn9){ref-type="table-fn"}                           0.69    1.13          1.00    0.89     1.45          1.09     1.04                  4.98    4.26    2.01    3.94      3.79    7.47      4.41
  PL-intra rate[h](#tblfn10){ref-type="table-fn"}                          5.97    5.90          8.09    8.21     7.76          7.74     7.28                  4.54    5.08    7.96    6.55      7.52    4.49      6.02

Ratio of conserved proximity. This is the ratio *E*/*S*, where *S* is the number of pairs in start point, and *E* is the number of pairs in end point.

Ratio of proximity loss is the ratio (*S* − *E*)/*S*.

This is the ratio PL-inter/*S*, where PL-inter is the number of proximity loss caused by interchromosomal rearrangements.

This is the ratio PL-intra/*S*, where PL-intra is the number of proximity loss caused by intrachromosomal rearrangements.

Estimates of divergence time of teleosts and mammalians based on fossil records were described by [@bib3].

PL-total ratio/My/10^−4^.

PL-inter ratio/My/10^−4^.

PL-intra ratio/My/10^−4^.

The results of proximity analysis showed that the intrachromosomal rearrangement rates are comparable between the three teleost fishes (5.90--8.21, mean 7.28) and the three mammalian (4.49--7.96, mean 6.02) lineages. However, the interchromosomal rearrangement rates in the three fish lineages (0.69--1.45, mean 1.04) are considerably lower than those in the three mammals (2.01--7.47, mean 4.41) ([fig. 6*B*](#fig6){ref-type="fig"} and [table 3](#tbl3){ref-type="table"}; [supplementary fig. S11](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Thus, we conclude that the three fish lineages have experienced a lower rate of interchromosomal rearrangements compared with the three mammalian lineages and that the lower level of gene order conservation in mammals is mainly due to a higher rate of interchromosomal rearrangements compared with the three teleosts.

Discussion
==========

A Comprehensive Genetic Map of Fugu and Its Integration with the Genome Assembly
--------------------------------------------------------------------------------

The genetic map of fugu has been improved considerably in the present study. Although the previous genetic map contained 200 markers ([@bib24]), the present map contains 1,220 microsatellite markers. In addition, 99% of polymorphic markers used in this study show detectable linkage to at least one other marker, indicating the genome coverage is nearly complete. By using markers targeting-specific scaffolds, 86% of the assembled genome could be mapped to 22 fugu chromosomes, with much of it (72%) oriented. This consolidated assembly is made available in the public domain at <http://www.fugu-sg.org/>. In the current *Tetraodon* and medaka genome assemblies, 64% and 90% of the sequences have been anchored to the chromosomes, respectively. Thus, the extended assembly of fugu is comparable with the assemblies of *Tetraodon* and medaka. Together with the comprehensive genetic map, the present fugu genome assembly is a much more attractive resource than the previous draft genome sequence for genome-wide comparisons and for identifying genetic loci associated with various traits of pufferfishes.

Rate of Recombination
---------------------

The recombination rate per Mb in fugu is the highest among vertebrates reported so far (see [fig. 2](#fig2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The exceedingly high recombination rate of fugu may be due to the small size of its genome compared with the genomes of other vertebrates. In mammals and chicken, it is reported that the recombination rate tends to be higher on smaller chromosomes ([@bib55]; [@bib22]; [@bib16]). This has been explained by the requirement of at least one chiasmata per bivalent during meiosis ([@bib55]). Consistent with this observation, we found a strong correlation between recombination rate and genome size among 12 species of vertebrates (Pearson correlation, *r* = −0.823, *P* \< 0.001) ([fig. 2*A*](#fig2){ref-type="fig"})*.* Studies in mammals, chicken, and insects have shown that recombination rates are strongly correlated with GC content ([@bib46]; [@bib4]; [@bib60]; [@bib16]). The high recombination rate in fugu could also be due to its GC-rich genome. In support of this hypothesis, the GC content of fugu (45%) is the highest among the chordates compared. However, the recombination rates in these chordates do not show a strict correlation with their GC contents ([fig. 2*B*](#fig2){ref-type="fig"}). Therefore, GC content may not be a major determinant of recombination rate in chordates.

The female genetic map of fugu has a longer genetic length than its male map. Such a difference between sexes, particularly in autosomes, is widespread in animals ([@bib35]). The evolutionary significance of this phenomenon remains the subject of much debate ([@bib34]). Although comparisons of sex-specific genetic maps have been reported for many vertebrates ([@bib56]; [@bib61]), the relation between the sex-specific recombination rate and the physical location on chromosomes has been examined for only a few species ([@bib30]). In human, the chromosomal regions of high and low recombination ratio for the two sexes tend to coincide, although there are some exceptional regions in which a peak of recombination for males corresponds to a valley for females and vice versa ([@bib30]; [@bib36]). Notably, the extent of the strong suppression of recombination around centromeres is similar for both sexes in human. However, in fugu the male-specific recombination deserts span more than half the chromosome for a majority of chromosomes ([fig. 3](#fig3){ref-type="fig"} and [supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Because severe recombination suppression has been found in the gene-poor centromeric and pericentromeric heterochromatin regions in several species ([@bib68]; [@bib69]; [@bib79]), we anticipated that this is also the case in fugu. To determine the location of centromeres on the fugu integrated map, we first identified one of the centromeric repeats of fugu ([fig. 7](#fig7){ref-type="fig"}) and performed linkage analysis of scaffolds containing this centromeric repeat. This analysis revealed the position of the repeats on 11 chromosomes in the genome map ([supplementary fig. S2](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). All centromeric repeats mapped were located within the recombination desert on the male map, confirming possible roles of repetitive sequences in the suppression of recombination. However, the fugu male-specific suppression of recombination also extended to the region with normal gene density ([fig. 3](#fig3){ref-type="fig"}). Thus, the extent of severe suppression cannot be simply explained by the high density of noncoding sequences. The molecular mechanisms of the suppression remain to be elucidated.

![Fluorescence in situ hybridization of centromeric and telomeric repeats. (*A*) DAPI banding of metaphase chromosomes. Chromosome preparation was obtained from peripheral blood leucocytes of fugu. (*B*) Two-color FISH using the 118-mer centromeric and the telomeric (TTAGGG)~*n*~ repeats probes. The centromeric and telomeric probes are labeled in green and red, respectively. Arrows indicate interstitial telomere-like sequence (ITS). (*C*) Confirmation of the ITS localization. These signals are shown on four chromosome pairs of fugu. Scale bar represents 5 μm.](gbeevr041f07_3c){#fig7}

Besides autosomes, the prominent recombination dimorphism often occurs on sex chromosomes because of their structural differences ([@bib6]). Previous studies have indicated that the fugu sex-determining region is located on Tru19 chromosome and transmitted to their offspring via a XX-XY system ([@bib27]). Based on the current integrated map of Tru19 (total length 16 Mb), the sex-determining gene is likely to reside in a region spanning ∼5 Mb, flanked by large autosome-like regions. The sex chromosome evolution is believed to involve suppression of recombination around the sex determining gene(s) in many species (but see [@bib66]). However, the pattern of recombination dimorphism on the fugu sex chromosomes is indistinguishable from that of autosomes ([fig. 3](#fig3){ref-type="fig"}, [supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In addition, no Y chromosome-specific scaffold around the sex-determining region was found in this study. These data suggest that fugu has "young" sex chromosomes that are still in the early stage of differentiation. Further studies of such young sex chromosomes at the genomic sequence level should provide significant insights into our understanding of the evolution of sex chromosomes.

Evolution of Genome Architecture
--------------------------------

The whole-genome sequences of teleosts that have experienced a fish-specific genome duplication event have uniquely contributed to our understanding of the evolution of genome architecture of vertebrates. By comparing *Tetraodon* genome with human genome, [@bib23] reconstructed the karyotype of the teleost ancestor as well as the bony vertebrate ancestor and deduced the major rearrangement events leading to the modern karyotype of *Tetraodon*. When medaka genome was subsequently completed, [@bib25] inferred the ancestral karyotype of teleosts by comparing genomes of medaka, zebrafish, *Tetraodon*, and human. One major disagreement between these studies is the origin of Tni6 and Tni21 chromosomes in *Tetraodon*. The former study inferred that these chromosomes were derived by a recent fission of an ancestral chromosome, whereas the latter suggested that these chromosomes have preserved their ancestral genomic structures without undergoing major rearrangements because the fish-specific genome duplication. Our analysis does not support a recent fission event suggested by [@bib23] but instead supports the scenario proposed by [@bib25]. These comparisons demonstrate that using multiple species from diverse phylogenetic taxa increases precision in reconstructing the evolutionary history of genomes.

Interchromosomal Rearrangements in Fugu and *Tetraodon* Lineages
----------------------------------------------------------------

The comparison of the extended assembly of fugu with the *Tetraodon* genome sequence provided an opportunity to investigate the recent chromosomal rearrangements in these two closely related species of teleosts at a high resolution. Using the large number of orthologs between the two species, we identified one major fusion in the fugu lineage and two fusions and three translocations in the *Tetraodon* lineage ([fig. 4](#fig4){ref-type="fig"}). Although previous studies have analyzed rearrangement events in the *Tetraodon* lineage ([@bib23]), they were unable to detect two of the three translocations in the *Tetraodon* lineage identified in this study. These *Tetraodon* lineage--specific translocations involved fragments of genomic regions on Tni1 and Tni2 that were translocated to Tni20 and Tni15, respectively, accounting for ∼28% and ∼4% of genes on Tni20 and Tni15, respectively. Besides the inclusion of fugu, using a higher number of orthologs (anchor points) in our study might have helped in detecting these events. Although [@bib23] used ∼4,300 orthologs of *Tetraodon* and human, and [@bib25] used 5,918 orthologs of medaka, *Tetraodon*, and human, we compared a substantially larger number of orthologs (7,755) of fugu, *Tetraodon*, and medaka.

Our analysis of interchromosomal rearrangements in the fugu and *Tetraodon* lineages because they diverged from a common ancestor showed that fugu has experienced fewer interchromosomal rearrangements. The two pufferfishes share many biological traits and their genomes are highly similar, yet they exhibit considerable difference in their chromosomal rearrangements. One major difference between fugu and *Tetraodon* is their habitats. Fugu is a marine species distributed in a wide region in East Asia, whereas *Tetraodon* inhabits freshwater and brackish water bodies in South-east Asia (FishBase, [http://www.fishbase.org/home.html](http://www.fishbase.org/)). Because a marine environment provides a larger and more contiguous habitat than a freshwater environment, it is reasonable to assume that the effective population size of fugu is larger than that of *Tetraodon*. Indeed, [@bib9] have shown that the effective population size of marine fishes is about ten times higher than that of freshwater fishes. The larger effective populations experience a higher efficacy of purifying selection ([@bib52]), thereby eliminating most of the deleterious mutations. Because chromosomal rearrangements can produce aneuploid genotypes ([@bib19]; [@bib18]), the larger effective population size of fugu might be a factor responsible for the fewer interchromosomal rearrangements in the fugu lineage.

Besides habitat, the two pufferfishes show considerable difference in their generation times. The generation time of fugu (2 years for males and 3 years for females) is much longer than that of *Tetraodon* (about 1 year). The generation-time effect hypothesis predicts a higher mutation rate in species with shorter generation time but this is controversial ([@bib37]; [@bib31]). However, the hypothesis may hold true for mutations that accumulate during germ-line cell division because species with the shorter generation time undergo more germ-line cell divisions per unit time. Therefore, it is possible that the longer generation time of fugu might have also contributed to the containment of interchromosomal rearrangements in fugu.

Chromosomal Rearrangement Rates in Teleosts and Mammals
-------------------------------------------------------

Our analyses of conservation of gene order and loss of gene-proximity in three teleost fishes (fugu, *Tetraodon*, and medaka) and three mammals (human, mouse, and opossum) indicated that although the intrachromosomal rearrangement rates affecting the order of protein-coding genes are almost similar in both groups, the interchromosomal rearrangement rates are lower in the three teleost lineages than in the mammalian lineages ([fig. 6*B*](#fig6){ref-type="fig"}).

The genome assembly of fugu, *Tetraodon*, and medaka consist of 7,118 (this work), 128 ([@bib23]), 8,134 (Ensembl build 50) scaffolds or ultracontigs, respectively, whereas those of human, mouse, and opossum are made up of 367 (NCBI build 36), 315 (NCBI build 37), and 5,180 ([@bib44]) scaffolds or supercontigs, respectively. Because the high degree of fragmentation of some genomes introduces gaps in the assembly and artificially breaks the synteny, the interchromosomal rearrangements estimated by the disruption of proximate gene pairs will be overestimated for highly fragmented assemblies. To avoid this bias, we chose only genes mapped to the chromosomes. Because genes mapped in one species but not in another species will be miscounted as rearrangements, we then chose genes that showed one-to-one orthologous relationship from the mapped gene sets for all six vertebrates. This choice eliminates the possibility of lineage-specific gene loss events being miscounted as rearrangement events. One downside of this approach is that we ended up with a smaller number of orthologous set for comparison (e.g., a large number of human--mouse genes were dropped because of the relatively high level of fragmentation of fugu genome and the low coverage of *Tetraodon* assembly.).

Previous studies had suggested a lower degree of interchromosomal exchange in the teleost lineage compared with that in the human lineage ([@bib48]; [@bib73]). In particular, [@bib23] and [@bib25] demonstrated a remarkable preservation of ancestral genomic structure in *Tetraodon* and medaka, respectively. However, their work did not focus on intrachromosomal rearrangements. Although they identified intrachromosomal rearrangements in the *Tetraodon* or medaka lineages, they did not estimate the extent of rearrangements. On the other hand, [@bib58] estimated both inter- and intrachromosomal rearrangement rates among fugu, *Tetraodon*, zebrafish, human, mouse, and chicken by measuring the loss of gene proximity. However, the lack of chromosomal coordinates for genes predicted in the fugu assembly did not allow a reliable estimation of the rearrangement rate in the pufferfish lineage. Our analyses using the extended assembly and the positional information of genes along the chromosomes of fugu have revealed the relative contributions of inter- and intrachromosomal rearrangements to the evolution of fugu, *Tetraodon*, and medaka genomes and showed that the mammalian lineages have experienced a relatively higher degree of interchromosomal rearrangements compared with these teleosts. These findings indicate that mammalian genomes are more dynamic than teleost genomes at least at the level of interchromosomal exchanges.

Previous studies have shown that genomes of invertebrates such as *Drosophila*, *Caenorhabditis*, and *Ciona* have experienced an extremely low rate of interchromosomal rearrangements compared with mammals ([@bib10]; [@bib19]; [@bib18]). Although it is difficult to directly compare the frequency of interchromosomal rearrangements between fishes and these invertebrates due to the different estimation methods used, the interchromosomal rearrangements are much more rare at least in the *Caenorhabditis* lineage than in the lineages of pufferfishes and medaka. Nearly, 95% of orthologs between two *Caenorhabditis* species were found to have remained syntenic during the ∼100 My of their divergence ([@bib19]). This suggests that the rate of interchromosomal rearrangement in teleost fishes is intermediary to those in *Caenorhabditis* and mammals. The paucity of interchromosomal rearrangements in invertebrates compared with mammals was speculated to be, at least in part, due to the small effective population size of mammals ([@bib19]; [@bib18]). Population sizes of mammals are indeed one to four orders of magnitude smaller than those of invertebrates ([@bib78]; [@bib62]). However, the population-size hypothesis cannot fully explain the difference in the rate of interchromosomal rearrangements between mammals and teleosts because the estimated population sizes of teleost fishes are not particularly larger than those of mammals ([@bib9]; [@bib17]). Besides population size, the effectiveness of selection against mildly deleterious mutations can also be influenced by factors such as recombination rate and reproduction strategy. It is known that a low recombination on chromosomes potentially leads to increased fixation of slightly deleterious mutations ([@bib8]). The high recombination rates in the genome of fugu and other teleosts ([fig. 2](#fig2){ref-type="fig"}) might play a role in effectively purging interchromosomal rearrangements in teleosts. It is also possible that the selection pressure is affected by the differences in the reproduction strategy of teleosts and mammals. Unlike mammals, many fishes have a high fecundity rate and a high juvenile mortality rate ([@bib2]). This reproduction strategy of fishes potentially provides an opportunity for purifying selection at the juvenile stage ([@bib40]; [@bib2]).

Intrachromosomal rearrangements comprising mainly inversions can generate structural problems of chromosomes during meiosis, and the chromosomal breakpoints can disrupt coding regions and/or affect the expression patterns of genes. However, unlike interchromosomal rearrangements, majority of inversions do not produce aneuploid genotypes ([@bib28]). Therefore, the rate of intrachromosomal rearrangements would be less sensitive to selection than the rate of interchromosomal rearrangements. This may explain the similar rate of proximity loss of genes by interchromosomal rearrangements in teleost and mammalian lineages.

Fugu as a Model for Evolutionary Genetic Studies
------------------------------------------------

Recent advances in our understanding of the relationship between sequence and function of genes have paved the way for investigating genomic changes associated with evolutionary novelty, adaptation, and speciation in the wild. Genetic mapping using experimental crosses of organisms with divergent phenotypes has proved to be very effective in identifying genomic changes. Teleost fishes such as stickleback and cichlids have proved to be particularly useful for such an approach ([@bib7]; [@bib29]). Although fugu has hitherto received more attention as a genome model, we propose that fugu and its related pufferfishes of the genus *Takifugu* are also a good system for genetic study of phenotypic evolution ([@bib24]). Pufferfishes belonging to the genus *Takifugu* have undergone explosive speciation in the recent 2--5 My ([@bib76]), resulting in ∼25 extant species that exhibit wide diversity in their body size, coloration, exoskeletal morphology, number of meristic skeletons, temperature preference, osmoregulation strategy, parasite resistance, and behavior ([@bib70]; [@bib50]; [@bib26]). Furthermore, interspecies crosses of *Takifugu* produce fertile hybrid progeny that are amenable for genetic mapping and developmental studies ([@bib41]; [@bib12]; [@bib45]; [@bib27]; [@bib65]). Thus, *Takifugu* species represent an interesting model to investigate the genetic basis of phenotypic evolution between closely related species and to identify the genetic basis of speciation in vertebrates. The integrated high-resolution genetic map and the genome assembly of fugu generated in the present study should greatly facilitate these lines of research.
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